The pheromone receptor specificity and threshold concentrations have been determined for spermatozoid chemotaxis in Laminaria digitata in structure-activity studies. The results are in agreement with the current concept on the pheromone receptor interaction in brown algae, which is based on mutually-induced dipole-dipole interaction, dispersion forces and hydrophobic forces. Comparison with the receptor specificity in pheromone-induced sperma tozoid release in the same species indicates that different pheromone receptors are involved in these two functions.
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The pheromone receptor specificity and threshold concentrations have been determined for spermatozoid chemotaxis in Laminaria digitata in structure-activity studies. The results are in agreement with the current concept on the pheromone receptor interaction in brown algae, which is based on mutually-induced dipole-dipole interaction, dispersion forces and hydrophobic forces. Comparison with the receptor specificity in pheromone-induced sperma tozoid release in the same species indicates that different pheromone receptors are involved in these two functions.
In tro d u ctio n C hem otaxis is an im p o rtan t aspect of the fe r tilization process in m any brow n algae (P h aeo phyceae) w here flagellated m ale gam etes are a t tracted by sessile, pherom one-releasing fem ale cells (M aier and M üller, 1986; M aier, 1993) .
In the life cycle of the kelp Laminaria the gam etes are form ed by free-living microscopic g am etophytes w hich are characterized by dioecism and oogamy. H ere, egg secretions have a dual function: in ad dition to chem otaxis they m ediate the release of sperm atozoids from unicellular antheridia. P hero m o n e-trig g ered sperm atozoid release has not only been found in representatives of the brow n algal o rd e r L am inariales (including Lam inaria), b u t also in the D esm arestiales and S porochnales (M aier and M üller, 1986) which by som e auth o rs are considered to be closely related (C layton, 1984; M aier et al., 1988) . Sperm atozoid release has been studied m ost intensively in L am i naria digitata (M aier, 1982; M aier et al., 1988) .
Eggs of Laminaria digitata produce a com plex b o u q u et of low m olecular w eight hydrocarbons am ong them substances know n as pherom ones of o th e r brow n algae like ectocarpene (7, 8) and desReprint requests to Dr. I. Maier. Telefax: (49) 7531-88-2966 . m arestene (6) (M aier et al., 1987) . O ne particular com pound, 6-(r,2'-c/s-epoxy-but-3'-enyl)-cycloh ep ta-l,4-diene (lam oxirene 1) was found to induce sperm atozoid release and chem otaxis at very low concentrations (M arner et al., 1984; M aier et al., 1988, 1992) . L am oxirene (1) is re garded as specific for the o rd er Lam inariales (M üller and M aier, 1985; M aier et al., 1987) .
U pon perception of the pherom one in sperm a tozoids of Laminaria digitata the apical p art of the antheridial wall is dissolved w ithin a few seconds. The cells are released, becom e m otile and then react by directed m ovem ent to the sam e sub stance. This sequence of different activities m ust be subject to coordinated, fast and specific regula tory m echanism s in chem oreception and signal transduction.
In a previous study the specificity of the p h e ro m one recep to r for sperm atozoid release and the pherom one-binding m echanism was explored by analyzing the structure-activity relationship in p herom one structure, using a n um ber of specifi cally synthesized pherom one analogues (M aier et al., 1988) . The concentration-accum ulation relationship in chem otaxis with lam oxirene (1) has also been investigated (M aier et al., 1992) and it was concluded that probably m ore than one recep tor species are involved in chem oreception. The present article deals with the structure-activity re-0939-5075/94/0900-0601 $ 06.00 © 1994 Verlag der Zeitschrift für Naturforschung. All rights reserved. lationship in p h ero m o n e ch em operception related to chem otaxis and a differentiation of pherom one receptors on Laminaria digitata sperm atozoids based on binding specificity.
M aterials and M ethods
A n unialgal, clonal stock culture of male gam etophytes of Laminaria digitata (H uds.) Lam our., originating from H eligoland, N orth Sea, G erm any, was m aintained at 6 ± 1 °C. G am etogenesis in subcultures was induced at 12 ± 1 °C as described previously (M aier and M üller, 1990) . G am etophytes w ere used after 1 0 -1 3 days under induction conditions. Sperm atozoids w ere released by mild te m p era tu re shock as described by M aier and M üller (1990) im m ediately before each chem otaxis assay. In this way dense suspensions of cells w ere o b tain ed which w ere not in contact with p h erom one p rio r to th e chem oaccum ulation assay.
The chem oaccum ulation assay described by M üller (1976) (M aier and M üller, 1990) is not influenced by light. C ontrol experi m ents with four dro p lets of pure solvent gave a m ean 0 -v a lu e ("b la n k ") of 1.07 ± 0.15 (n = 69). In a series of experim ents with 13 different g am etophyte subcultures the response of sperm a tozoids to a stan d ard solution (3 x 10~7 m) of racemic lam oxirene (1) gave a m ean accum ulation factor of S = 2.20 ± 0.74 (n = 114). For each of the extrem ely slow grow ing subcultures used in the present study and each day the response of the sperm atozoids to this standard solution (F) was com pared with S to account for a possible varia tion in the "fitness" of the cells. C o rrected accu m ulation factors were then calculated as A\ = (Q /blank -1) x S/F + 1. For each concentration step, the accum ulation factors from 9 -7 5 assays were pooled, giving a m ean accum ulation factor A. The threshold concentration for a given sub stance is the lowest concentration at which in com parison to the blank a statistically significant ac cum ulation of sperm atozoids was observed with an error probability of p < 0.5% in the one-tailed S tudent's t-test.
Stock solutions of test substances (1 m M ) and dilution series were m ade in the solvent FC-72. Racemic m ixtures w ere used except for com pound 7 (100% 5'-(+)-ectocarpene), which was purified from the root oil of Senecio isatideus (Boland et al., 1982a) , and com pound 8 (/? -(-)-ectocarpene, optical purity > 9 0 % e.e.). R efer ences for synthesis and physicochem ical data of com pounds 1 -3 : M arner et al. (1984) ; 4, 9: B oland and M ertes (1984); 6: B oland et al. (1982 b); 11,12, 13: Schroer-Sissoko (1988) ; 5, 8, 10: unpublished. The substances were of 95% gas chrom atographic purity. C om pound 10 was a m ixture of cis/trans isomers (2 :3 ). Synthetic racem ic lam oxirene (a m ixture of 4 diastereom ers) was a gift of F.-J. M arner (Institut für Biochem ie, U niversität zu Köln). P artition coefficients betw een the solvent and sea-w ater at 12 °C (Ä^c/sw) w ere determ ined according to Boland et al. (1981) . The highest con centration for a given substance available to a sperm atozoid on the solvent/w ater interphase in the chem otaxis assay was calculated as the q u o tient: concentration in the solvent/partition co efficient.
Results
Lam oxirene (1), the natural p h erom one of Laminaria shows the lowest threshold con centration at 1.4 x 10~12m am ong the sub stances tested for their chem oattractive potential (Table I ). The concentration response curve spans over 7 orders of m agnitude in concentration Table I . Thresholds and maxima in the concentration response relationships in the chemotaxis of Laminaria digitata spermatozoids with synthetic pheromone and structurally related compounds (KFC/sW-distribution coefficient for the solvent system FC-72/sea-water.
Compound

O
Threshold
Maximum ^f c / s w concenaccumulatration [m] tion at [m] 1 (Fig. 1 ) tow ards higher concen trations by a factor of about 100. The activity in term s of the threshold concentration is drastically reduced by a factor of 105 (Table I) . A dditional saturation of the tw o ring double bonds (3) causes a further, but com parably small reduction in ac tivity while the threshold concentration is essen tially the sam e as for 2. The e th er 4 shows only poor activity, w hereas the furyl-cycloheptadiene (5 , Table I ) is a p o ten t chem o attractan t inducing sperm atozoid accum ulations as strong as lam oxi rene (1) at the sam e optim um concentration in the m icrom olar range. The threshold concentration, how ever, is higher by a factor of 1000. In desm a restene (6) the epoxy group of lam oxirene is re placed by a double bond. This com pound gives a slightly asym m etric concentration response curve very sim ilar to, but not as broad as th at of lam oxi rene (1) (Fig. 1) . The threshold concentrations for desm arestene and lam oxirene are alm ost the same, but with desm arestene the accum ulation m axim um is reached at a concentration as low as 2 .8 x l0 -8 m (Table I ) which m akes this com pound an even m ore p o ten t a ttra ctan t at low pherom one concentrations than lam oxirene (1). H ydroge nation of the term inal double bond of desm ares-
The data for 1 were taken from Maier et al. (1992) .
tene (6) which results in ectocarpene (7, 8) has a deleterious effect on attractive potential: the threshold concentration is increased by a factor of ab o u t 104. 5'-(+)-ectocarpene (7) appears to be slightly m ore active than /? -(-)-e c to c a rp e n e (8) with an e rro r probability p = 5 -2 0 % (S tudent's t-test) for the 3 highest concentrations tested and with a som ew hat low er threshold (Table I) . H ydrogenation of the double bond in T position of d esm arestene resulting in com poung 9 causes only a relatively small reduction in the threshold concentration com pared to lam oxirene (1) and d esm arestene (6) ( Table I ). The accum ulation m axim a w ere not reached with the available con centrations of 7 -9 due to the high partition coef ficients. If the cycloheptadiene ring in lam oxirene (1) is replaced by a phenyl ring as in com pound 10 the effect on chem oaccum ulation in term s of accum ulation factors and the position of the m ax ima appears to be insignificant, though the th resh old concentration is increased by a factor of 100 (Table 1) . 6 -(3 '-azid o -l'Z -p ro p en y l)-l,4 -cy clo h eptadiene (11) which was tested as a p o tential p h o toaffinity label for the phero m o n e recep to r is also a reasonable effective attra c ta n t with high ac cum ulation factors and a m axim um at m icrom olar concentrations (Table I ). The threshold concen tratio n at 7 .9 x lO "9 m is practically the sam e as for ectocarpene (7, 8). The cyclooctadiene analogues of d esm arestene 12 and 13 show only p o o r activity (12) ( Table I ) com pared to d esm arestene (6).
D evelopm ental studies in which the threshold concentration for p herom one-triggered sperm atozoid release with lam oxirene (1) was com pared with the chem otactic p o tential of heat-shock re leased cells of the sam e age during gam ete m atu ration gave no indication for a differentiation b e tw een the p h ero m o n e p erception system s involved in these two cellular functions, both developed in parallel (data not shown).
Discussion
The results of phero m o n e structure-activity studies related to chem otaxis in Laminaria digitata confirm the significance of precisely positioned polarizable groups or double bonds in the p h ero m one m olecule for biological activity and is thus in agreem ent with the concept of p h ero m o n e binding based on m utually induced dipole/dipole in terac tions, dispersion forces and hydrophobic forces (Boland et al., 1981 (Boland et al., , 1982c (Boland et al., , 1984 M aier et al., 1988) . As a consequence, hydrogenation of double bonds severely reduces activity as is seen in the series 1 -3 as well as in 6 -9 . Sim ilar results have been obtained in structure-activity studies on the chem oreceptors in pherom one-triggered sperm atozoid release in Laminaria digitata (M aier et al., 1988) and Chorda tomentosa (M aier et al., 1984) and in gam ete chem otaxis of o th er brow n algae (B oland et al., 1981, 1982c, 1983, 1984) . The effect of individual double bonds is different and d e pends on their position in the m olecule. The te r minal side chain double bond is indispensible for effective pherom one-receptor interaction (com pare 1, 2, 6, 7, 9), w hereas hydrogenation of double bonds (3) or electron delocalization (10) in the ring have much less effect.
As in sperm atozoid release (M aier et al., 1988) the epoxy group in lam oxirene (1) has only m inor significance in determ ining p herom onal activity in sperm atozoid chem otaxis since com pound 9 and also desm arestene (6) possess very high activity in com parison with 1. The function of the heterocycle may be seen in a conform ational constraint in the side chain, sim ilar to a double bond in this position as in 6. In addition the heterocycle changes the partition coefficient, which m akes lam oxirene (1) considerably less lipophilic than m ost o th e r brow n algal pherom ones. The relationship betw een p h e r om one structure and activity in the induction of sperm atozoid release have been in te rp re ted in the same way (M aier et al., 1988) . H igh flexibility in the butyl side chain leads to low activity, as in the eth er (4), although this com pound can ad opt the conform ation of lam oxirene (1). Two sim ilar cases are seen in Desmarestia aculeata, w here com pound 9 is significantly less active in sperm atozoid a ttrac tion than desm arestene (6) and in Syringoderma phinneyi with viridiene and its corresponding d e rivative (B oland et al., 1984) . Less effective in ter action betw een the partially satu rated com pounds and the pherom one receptor can be com pensated at least at m edium concentrations in the w ater phase by their increased lipophily (higher partition coefficient). Partitioning into the g am ete's lipid m em branes may lead to a considerably increased concentration in the receptor lipid environm ent if the pherom one receptor is situated in a m em brane. The relatively high activity of com pounds 9 and 6 in Laminaria Chemotaxis could be due at least partly to this effect. The significance of p a r tition and hydrophobic interaction as the initial steps in p h ero m o n e binding has been d em o n strated first in studies on Ectocarpus siliculosus and Cutleria m ultifida (B oland et al., 1981, 1983) .
The absolute configuration of lam oxirene (1) is not know n at p resen t and p ure enantiom ers are not available. The differences in activity betw een S-(+ )-ectocarpene (7) and 7 ?-(-)-ecto carp en e (8) are so small th a t no conclusion can be draw n on the absolute configuration of lam oxirene.
The absolute values of the accum ulation factors in Laminaria sperm atozoid chem otaxis are m uch sm aller than those in Cutleria (B oland et al., 1981) , for exam ple. This m ay be partly attrib u ted to the heat-shock m ethod used for sperm atozoid release. P rem ature sperm atozoids in such suspensions may be pherom one-insensitive. A background of such cells reduces the accum ulation factor and leads to underestim ated thresholds.
The recep to r profiles in sperm atozoid release and in chem otaxis of Laminaria digitata sp erm ato zoids are clearly different. D esm arestene (6), which is by a factor of 200 less active than lam oxi rene (1) in sperm atozoid release (M aier et al., 1988) acts as a p o ten t attractan t in chemotaxis. F u rtherm o re, the arom atic lam oxirene analogue (10) as well as the furyl derivative (5) were totally inactive in triggering sperm atozoid release and 5 acts as a p o ten t, probably com petitive inhibitor. In chem otaxis, how ever, both com pounds show ed considerable activity. This justifies the conclusion that different pherom one recep to r species are in volved in sperm atozoid release and in chem otaxis. E vidence obtained in a previous study indicated that m ore than one recep to r type is required for chem oaccum ulation over the w hole response range (M aier et al., 1992) defined as the concen tration range betw een the threshold and the satu rating concentration. Lam oxirene (1), desm arestene (6) and ectocarpene (7) are com ponents in the pherom one b o u quet secreted by eggs in m any species of the Laminariales (M aier et al., 1987) . C om pounds 6 and 7 are know n as pherom ones in o th er brow n algal orders. D esm arestene (6) causes sperm atozoid release and chem otaxis in Desmarestia (B oland etal., 1984) . The high activity of desm arestene (6) in chem otaxis of Laminaria sperm atozoids sup ports the argum ents for a close phylogenetic relationship betw een the Lam inariales and the D esm arestiales (C layton, 1984; M aier et al., 1988) .
